Low porosity fractured reservoirs have been successfully described, using a combination of high resolution geometrical information from borehole images, together with deeper penetrating log evaluation methods. Borehole images from acoustic or electrical scanning tools provide statistics of the fracture distribution, first order estimates of fracture opening and porosity, and a basis for geological inferences. Their drawback is that, in this environment, the events on the images bear a strong overprint of the drilling process. Deeper penetrating, but lower resolution techniques, such as Stoneley wave reflectance and deep resistivity log inversion are used to distinguish the deep and permeable fractures that may contribute to flow. By making some assumptions about the nature of porosity in basement reservoirs, we develop a new method to estimate the porosity and the fraction of this secondary porosity is developed due to fractures. This method makes the use of the Kuster-Toksoz acoustic scattering model and requires low frequency measurements of compressional and shear velocities.
INTRODUCTION
In their study on the basement reservoirs of the continental shelf off the southern coast of Vietnam, Areshev et al., (1992) found that the effective porosity was due to three components: Fractures of tectonic origin, vugs (cavernous porosity) of hydrothermal origin and pores caused by near-surface weathering. The porosity distribution is thus very irregular. High porosities tend to be concentrated in the breccias associated with large faults, however high porosity intervals are often widely separated by low porosity and permeability intervals. In the White Tiger field, the average core porosity in the deeper basement sections was less than three percent and divided almost equally into fractures. Evaluation of reserves from well logs in such conditions is not straightforward. The well samples in which the logs are acquired are localized only in a very small part of an irregularly distributed fracture-pore network, and it is by no means obvious, whether such a sampling is statistically significant for reserves estimation. At such low overall porosities, the error in estimating porosity using conventional porosity logging techniques is close to the measurement itself. Moreover, the variations in rock properties, such as density, hydrogen index and borehole damage, which affect the shallow reading devices, can be mis-interpreted as changes in porosity. For this reason, the quantitative estimation of subsurface fracture porosity and fracture permeability has been considered to be highly variable and mostly inaccurate (Nelson,1982) . Acoustic velocities, derived from array-sonic devices, have proven to be less sensitive to borehole damage, than the density and neutron devices; and in the non-fractured granitic rocks, the velocity tends to the high relatively constant values. Keys 
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MAHMOUD E. ABDELRAZIK (1979) reported the average values of the compressional slowness of 50-52 microsec/ft over thousands of feet of granitic intrusive rocks. This invariability of the host rock properties, together with the sensitivity of acoustic properties to fracturing, yield a number of different techniques to detect fractures. Compressional and shear wave attenuations have been used for fracture indication [(Morris et al., 1964) , (Koerperich, 1978) and (Cheung, 1984) ] and it was discovered that, the attenuations of both compressional and shear waves are varied with the fracture angle. A further observation was that, whereas the ratio of compressional to shear waves velocity, Vp/Vs, is constant in the non-fractured rocks, it increases whenever there are more fractures. Logging tools review recent work on the acoustic wave forms has focused on the tube or Stoneley wave, [(Poeter, 1987) , (Paillet, 1991a, b) and (Hornby et al., 1989) ]. For single large fractures in a rigid formation, the width or aperture of the fracture (denoted by the Greek letter e) can be determined from the amplitude of the reflected Stoneley wave. In boreholes without significant mud-cake, continuously varying values of permeability can be determined from the dispersion and attenuation of the Stoneley wave [ (Chang et al., 1988) , (Norris, 1989) and ].
Deep resistivity logging devices, in particular the Dual Laterolog (DLL †), are also extensively used for fracture evaluation. Boyeldieu and Winchester, Boyeldieu and Winchester, (1982) derived an estimate of the fracture porosity, Ø, from the difference in conductivities between the shallow and deep laterologs:
( 1) where C LLs and C LLd are the conductivities in S/ m measured by the deep and shallow laterologsrespectively, C m is the conductivity in S/m of the mud (which is assumed to have invaded the fractures) and m frac is the Archie, formation factor exponent of the fracture network (usually around 1.4). Sibbit and Faivre (1985) showed later that, the quantity DC is proportional to the fracture aperture e for long vertical fractures and proposed the following formula: (2) where; the fracture aperture (e) is in microns. For single horizontal fractures, a somewhat different formula was proposed: (3) where C b is the conductivity of the non-fractured host rock.
Since many of the fractures encountered in the subsurface are high-angled or close to vertical, there is a tendency to use Eq. 2 to estimate the fracture aperture. This is not always the correct way, as the extent of the fracture along the borehole needs to be taken into account, and very often Eq. (3) is more appropriate. Faivre (1993) in extending this work to the Azimuthal Resistivity Imager (ARI †), describes more fully the effect of fracture dip and proposes: (4) where; AAC is the area of the conductive anomaly in conductivity-thickness units (S/m.m) of the conductive anomaly due to a fracture, and a, b and c are constants (b»1, and c is very small). Equation of this form applies to the deep, shallow and highresolution deep laterologs.
Equation (4) is very similar to the form derived by Luthi and Souhaité (1990) for the Formation Micro-Scanner tool or Formation Micro-Imager tool (FMS †,FMI †). Although the high-resolution information from this tool comes from close to the borehole, the measured current is sent deep into the formation permitting the tool to be compared and calibrated with the shallow laterolog resistivity. In addition to the quantitative estimates of fracture aperture, the geometry of fractures intersecting the borehole can be determined. Statistics on the distribution of borehole intersecting fractures are best gathered on the image processing work station of Cheung and Heliot (1990) . The geometrical distribution of 
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fractures together with the fracture apertures information enable us to estimate the fracture porosity provided that, the fractures are sufficiently widely spaced and resolvable enough by the measuring device. The acoustic imaging tools can also be used to quantify the fracture geometry, but they are very shallow reading devices and are strongly influenced by the borehole conditions. Both the amplitude and transit-time images and recorded by borehole televiewers and other acoustic scanning devices, are surface images and can be considered the result of reflection at or close to the boreholewall. This has both disadvantages and advantages. The images bear a strong imprint of the drilling process, such that the natural fractures may be obscured by the drilling induced well-bore damage. An advantage is that, the state of operating stresscan be inferred from the analysis of induced fractures, break- † M a rk of Schlumberger outs, and shear displacements as shown by Addis (1993) . In addition, the acoustic scanning devices have 360° coverage.
RECOMMENDED LOGGING SUITES
High resolution formation images are necessary to determine the fracture geometry and to resolve small fractures. Electrical scanning devices, such as the FMI "see" deeper through the formation than the acoustic scanning devices, which return back by a surface image. A borehole surface image is useful for determining the state of in-situ stress, but is somewhat more difficult to interpret it in terms of formation properties. Whether a fracture with an electrical device depends on the magnitude of the conductive anomaly. A good rule of thumb is that, the product of the fracture width and the mud conductivity should be roughly an order of magnitude bigger than the product of the measure-current beam width and the conductivity of the host medium as exhibited through the following equation: (5) where; beam-width is 0.5 cm for the FMI, 15cm for the high resolution laterolog of the ARI and 90cm for a conventional deep or shallow laterolog.
Both the laterolog data and electrical images are required for quantitative work. The shallow laterolog is used to calibrate the FMI images in terms of resistivity, and the deep laterolog provides a measurement of the aperture of deeply invaded fractures. The fracture distribution is directly measured on the FMI image. Permeability is best estimated from the Stoneley wave, as described in the papers discussed above, or measured directly.
Individual fracture sets can be tested between straddle packers with a wireline formation tester. L o w frequency reflected Stoneley waves, probe deep into the formation, are sensitive to the aperture of open fractures and are insensitive to induce fractures. Estimates of fracture aperture are directly comparable to those from deep electrical devices as shown by Hornby and Luthi (1992) . Low frequency compressional and shear velocities can also be used to make an estimate of porosity as described later. An advantage of this technique is that, it may be extended to the seismic frequency, and the porosity within the basement may be mapped, whenever there is sufficiently good velocity data.
FRACTURE ESTIMATES BY THE DUAL LATEROLOG TOOL
Figure (1) shows the response of the Dual Laterolog tool; as it approaches a horizontal fracture of 50 micronswidth, in a borehole filled with mud of 0.1 Ohm.m resistivity. The non-fractured formation resistivity is 10,000 Ohm.m. The anomaly on the log, due to the fracture, is a sharp decrease in resistivity, approximately 90 cm wide (current beam-width of the dual laterolog). For fractures of small extent along the borehole, i.e. shallow-angle, the resistivity in front of the fracture is given by Eq.(3). Alternatively, the area under the conductivity curve AAC (can be shown in Fig. 2 ) and Eq. (4) can be used. Fig.(1) . Note that, there is no separation between the shallow and deep laterologs and as a consequence, Eqs. (1&2) would under estimate the fracture porosity and opening, while Eq. (4) gives good answers. The fracture on Fig.(3) , is one meter long and the width of the anomaly on the log is approximately 1.9m. Note also the appearance of resistivity horns at the boundaries of the fractures. A long vertical fracture was modeled to generate Fig.(4) . At the center of the fracture, the deep and shallow laterologs separate. Either Eq.(3) or Fig.(5) may be used to estimate the fracture opening.
ESTIMATING FRACTURE POROSITY FROM THE COMPRESSIONAL AND SHEAR VELOCITIEs
Brie et al. (1985) u s ed an acoustic scattering model to understand the variation of compressional and shear velocities in carbonates with oolitic porosity. Their method is appropriate also for small concentrations of fractured porosity in igneous and metamorphic rocks. Since basement rocks are well-cemented, the primary effect on acoustic velocity is due to pore shape and concentration. Pore shape can be characterizedby the pore aspect ratio. Fractures are modeled as ellipsoids (disks), whose aspect ratio is more less than 1.
The aspect ratio can be approximated by the fracture aperture divided by the fracture length. In the basement rocks, the isolated fractures will have very small aspect ratios in the range, 0.001-0.01 say, whereas for the fractures in breccias, the ratio is closer to 0.1. To simplify the evaluation, it can be assumed that, the sonic tool responds to porosity in Fig.(1) , by the anomaly due to a horizontal fracture is viewed in conductivity units
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properties of the different types of fractures in the formation we can be considered. At seismic frequencies, the wavelength is always greater than theaverage fracture spacing. We model first the host rock, assuming that, for non-fractured and interparticle porosity (such as that found in the breccias), the compressional slowness follows Wyllie time average formula: the breccias (inter-particle porosity) much the same way as it does to the inter-granular porosity in a more conventional reservoir. Again following Brie et. al., (1985) , Berryman, (1980) derivation was used for the acoustic scattering from ellipsoidal inclusions in an elastic medium. At sonic logging frequencies (<10 kHz), the wavelength is much greater than the pore size and the average scattering (6) where;φ is the non-fractured porosity, ∆tf is the fluid slowness and ∆tb is the rock slowness.
We assume also that, Pickett's relationship applies for the non-fractured rock:
The density follows the relationship: (8) where: ρ f is the fluid density and ρb is the rock density.
Using Eqs. (6,7 & 8) , we model the variation of acoustic velocities, V p and V s , and density ρ with porosity. The bulk and shear moduli of the rock are given by Eqs. (9 and 10) as shown as follows: (9) (10) where: K b is the bulk modulus and G b is the shear modulus. Introducing a fraction fi of ellipsoidal inclusions (fractures) into the rock changes, the porosity to f(1-fi)+fi and the elastic constants. The resulting effect on the compressional and shear slownesses is plotted on Figs.(6&7) . The black circles are spaced at 1% porosity intervals and represent increasing non-fractured or inter-particle porosity.
The lines joining these points represent different specific fractions of the porosity. The aspect ratio is the ratio of the minor to the major axes of the fracture planes. By looking at the interpreted FMI results (mean fracture aperture divided by mean fracture spacing), we chose a ratio of α =0.005 was chosen. This implies that, the average fracture spacing is 200 times larger than the fracture opening (i.e. 10 micron fractures will be spaced every 20 cm. or so). The effect of changing the aspect ratio is also shown for two additional cases α =0.001 and α =0.01. The rock properties used on Figs. (6 &7) are the compressional slowness of 51 microsec/ft and the slowness ratio of 1.7.
These can be compared with a cross plot from a well (Fig.8) . The data on Fig.(8) , fit the model of Fig.(7) , fairly well and show quite clearly that, the conventional (Wyllie, Pickett, etc...) sonic models would not fit. In particular, Pickettmodel predicts that, the Vp/Vs ratio should be more or less constant, whereas the model predicts that, the shear slowness increases much more rapidly than the compressional slowness in the fractured intervals. This is what we observe in the field examples. The data fall to the left of the zero porosity trends being due to the fractures with very high aspect ratio, where the shear cannot be supported.
In practice, we measure the Vp and Vs was measured in low porosity intervals and choose an appropriate value of the aspect ratio, a. From the measured values of the com- Fig. 7) ) ) pressional and shear slowness in a fractured interval, we derive both the conventional and fractured porosities may be derived.
CONCLUSIONS
Low-frequency acoustic waveform logs provide a robust mean to evaluate the fractures in basement reservoirs. Reducing the frequency reduces the sensitivity of the logs toborehole conditions and averages the formation properties. In addition to the wellknown Stoneley wave techniques for deriving fracture aperture, the compressional and shear slownesses may be used to estimate both the conventional and fracture porosity. This technique assumes that, in basement rocks the pore shape controls the compressional and shear slownesses and that, one or two typical pore aspect ratios can be derived by other means.
A typical fractured aspect ratio is the ratio between the fracture opening and fracture spacing, both of which may be estimated from the electrical borehole scans.
